The multifunctional Nef protein of HIV-1 is important for the progression to AIDS. One action of Nef is to down-regulate surface MHC I molecules, helping infected cells to evade immunity. We found that Nef also down-regulates the macrophage-expressed MHC 1b protein HFE, which regulates iron homeostasis and is mutated in the iron-overloading disorder hemochromatosis. In model cell lines, Nef reroutes HFE to a perinuclear structure that overlaps the trans-Golgi network, causing a 90% reduction of surface HFE. This activity requires a Src-kinase-binding proline-rich domain of Nef and a conserved tyrosine-based motif in the cytoplasmic tail of HFE. HIV-1 infection of ex vivo macrophages similarly down-regulates naturally expressed surface HFE in a Nefdependent manner. The effect of Nef expression on cellular iron was explored; iron and ferritin accumulation were increased in HIV-1-infected ex vivo macrophages expressing wild-type HFE, but this effect was lost with Nef-deleted HIV-1 or when infecting macrophages from hemochromatosis patients expressing mutated HFE. The iron accumulation in HIV-1-infected HFE-expressing macrophages was paralleled by an increase in cellular HIV-1-gag expression. We conclude that, through Nef and HFE, HIV-1 directly regulates cellular iron metabolism, possibly benefiting viral growth.
Flow Cytometry. Transfected HeLa-HFE and 293 cells were stained for surface HFE, TfR, MHC-I, and EGFR. THP-1 and U937 cells were infected with lentiviruses and stained for cell-surface HFE, MHC I, or CD29 or were permeabilized with CytoPerm͞CytoFix (Pharmingen) and stained for ferritin. Macrophages were infected with HIV and double-stained for surface p18͞55 gag protein and surface HFE or permeabilized and double-stained for p18͞55 gag protein and ferritin. Cells were analyzed, in 50,000-cell aliquots, on a Becton Dickinson FACSCalibur flow cytometer running CELLQUEST software.
Immunofluorescence Microscopy. HeLa-HFE cells were permeabilized and stained for HFE or TGN46. Macrophages were permeabilized and stained for HFE. Cells were fixed, slides were mounted in VECTASHIELD containing DAPI (Vector Laboratories), and imaged by using a Zeiss Axiovert microscope equipped with epifluorescence illumination.
Internalization, Recycling, and Transport-to-Cell-Surface Assay.
FACS-based assays for internalization, recycling, and transport to the cell surface were performed as described in refs. 6, 25, and 26, with modifications. The recycling and transport-to-cell-surface assays involved a 150-s acid strip of surface ␤2-microglobulin to destroy reactivity to 8C10. The rate of HFE transport to the cell surface is slower than for MHC I; for this reason, the poststripping culture time was lengthened to 20 h. Cells were cultured in serum-free medium (Pro293a, Cambrex, Wokingham, U.K.), after 20 h of culture non-cycloheximide-treated cells were 95% viable. Percentage of transport to the cell surface was calculated as described in ref. 26 .
HFE-Degradation Assay. HeLa-HFE cells were cultured in methionine-free medium at 37°C, labeled with [ 35 S]methionine, and chased with cold methionine for various times. Cytoplasmic proteins were extracted by using Nonidet P-40 lysis buffer (1 M Tris, pH 7.5͞0.5 M EDTA͞5 M NaCl͞0.5% Nonidet P-40). Anti-HFE antibody was added to the lysate at 15 g͞ml and incubated for 1 h at 4°C. 5% wt͞vol protein-A-Sepharose beads (Sigma) were added, and the beads were analyzed by using SDS͞PAGE. Gels were analyzed by using a Molecular Dynamics Storm 840 PhosphorImager (Amersham Pharmacia). (where x is any amino acid) (8) . Because this tyrosine-based motif ( 342 YxxA) is conserved in HFE (Fig. 1A) , we hypothesized that Nef could down-regulate HFE. To test this idea, we transiently transfected HeLa cells stably expressing HFE with a construct encoding a Nef-GFP fusion protein. Fig. 1B shows that, as Nef expression increases, surface HFE and HFE's ligand TfR (14) are reduced, with maximum down-regulation Ͼ10-fold. On the same cells, total surface MHC I (including HLA-C) is reduced 2-fold by Nef; as a specificity-control, epidermal growth factor receptor is unaffected (6) . GFP alone did not alter HFE, TfR, or MHC I (data not shown). We then tested how Nef acted in 293 cell lines stably expressing HFE mutants (Fig. 1C) (28) , in contrast to previous studies (29, 30 ). An effect of Nef on TfR may be enhanced by HFE (compare 10-fold reduction of TfR on HeLa-HFE cells with 2-fold reduction on HeLa cells). We investigated the location of HFE in cells expressing Nef-GFP; Fig. 1 D-F shows that HFE is present in a large intracellular structure overlapping Nef-GFP (arrowheads in Fig. 1E ), compared with a plasma membrane and endosomal localization in untransfected cells (arrow). Fig. 1 G-I shows that Nef predominantly locates to a perinuclear area stained by antibodies against the TGN.
Results and Discussion
To test whether Nef also down-regulated naturally expressed HFE, we infected ex vivo macrophages and the HFE-expressing monocytic cell line THP-1 (16) with recombinant lentiviruses encoding either GFP (control virus) or Nef, followed by an IRES and GFP. Fig. 2A shows that uninfected macrophages and macrophages infected with the control virus have prominent surface HFE on their membrane ruffles (arrows), but in Nef-virus-infected cells ( Fig. 2 A Bottom) , HFE accumulates intracellularly (arrowhead). Surface expression of HFE on THP-1 cells was unaffected by the control virus; however, surface HFE was undetectable above staining for an isotype control antibody in THP-1 cells infected with the Nef lentivirus (Fig. 2B ). Nef also reduced surface MHC I, and, as a negative control, surface CD29 was unaltered by Nef (6) . To establish that Nef, in the context of HIV, reduces surface HFE, ex vivo macrophages were infected with HIV-1 containing or lacking nef and double-stained for gag p18͞p55 expression and HFE. Cells infected with HIV, but not with Nef-deleted HIV, had reduced surface HFE, compared with uninfected cells in the same culture (Fig. 2C ).
Nef Alters Transport of HFE to the Cell Surface but Does Not Alter HFE
Internalization or Recycling. Nef can down-regulate surface MHC I by increasing internalization, inhibiting recycling, and͞or inhibiting transport of MHC I to the cell surface (6, 26, 31) . We investigated how Nef affected HFE internalization, recycling, stability, and transport. In HeLa cells, HFE internalization proceeds at a 3-to 4-fold-faster rate (1.7%͞min, over 30 min) compared with MHC I internalization (0.5%͞min, data not shown, and ref. 31 ). Fig. 3A shows that Nef-GFP-expressing cells internalized HFE from the cell surface at a nearly identical rate to control cells. Using the same assay system, we detected a Nef-induced enhancement of MHC I internalization (data not shown). Recycling of HFE was not significantly altered by Nef (Fig. 3B) , in contrast to some results measuring Nef's effects on MHC I recycling (31) . The faster constitutive internalization rate of HFE and TfR-binding may be why Nef does not influence HFE internalization or recycling. The pulse-chase experiments in Fig. 3 C and D show that Nef slightly increased HFE degradation over time, as for MHC I in some studies (6, 26) . Fig.  3E shows that Nef inhibits the transport of HFE to the cell surface. At 20 h after stripping ␤2-microglobulin, surface antibody-detectable HFE expression returned to only 30% of the level before stripping in Nef-transfected cells (Fig. 3E Upper, (Fig. 4 A-D Top), TfR (Fig. 4 A-D Middle) , and MHC I (Fig. 4 A-D Bottom) . 62 EEEE 65 ͞AAAA Nef (Fig. 4B ) and 20 M͞A Nef (Fig. 4C) do not reduce surface MHC I, as found previously (31), but still downregulated HFE and TfR, whereas 72 PxxP 75 ͞AxxA Nef failed to down-regulate all three proteins (Fig. 4D) . 72 PxxP 75 is, therefore, a critical region of Nef for HFE down-regulation. That 62 EEEE 65 ͞ AAAA and 20 M͞A Nef variants still down-regulate HFE is consistent with Nef not altering HFE internalization or recycling (Fig.  3 A and B) . Both motifs control these processes in mediating MHC I down-regulation: 62 EEEE 65 , through an interaction with PACS-1 (32), and 20 M, by inhibiting MHC I recycling (31) . Other regions of Nef were examined for their roles in HFE down-regulation (Fig.  4E) . Myristoylation of Nef at position 2 (glycine) is crucial for Nef's association with cell membranes. Mutating the glycine to alanine blocked down-regulation of MHCI, HFE, and TfR. Other Nef (33) . Inhibiting the Nef͞Src kinase interaction prevents down-regulation of MHC I (34) . To test whether the same was true for HFE down-regulation, we cotransfected HeLa-HFE cells with Nef-GFP and HckN (21), a dominant negative Hck mutant lacking the catalytic region, which blocks potential interactions between Nef and host-cell Src kinases (Fig. 5A ). Fig. 5B shows that Nef-GFP down-regulates HFE, but down-regulation is abolished by cotransfection with HckN (Fig. 5C ). HckN with a disrupted SH3 domain (W93F, Fig. 5D ), had no effect on HFE down-regulation, whereas disrupting the SH2 domain of HckN (R151S, Fig. 5E ) still allowed HckN to block Nef activity. CrkII protein that contains SH2 and SH3 domains but does not bind Nef had no effect on HFE down-regulation (Fig. 5F) . Fig. 5 G and H shows that, in the presence of HckN, Nef is relocated to the cell periphery and is no longer retained in the TGN (Fig. 5I) , and HFE resumes its usual endosomal͞cell membrane distribution (Fig. 5J). Figs. 3-5 show that down-regulation of HFE by Nef is caused by a block in transport to the cell surface through retention in the TGN, in a process requiring Nef 72 PxxP 75 and, probably, an interaction with host-cell Src kinases. The TGN localization of Nef itself may also require Src kinases.
Nef and HIV-1 Induce HFE-Dependent Ferritin Iron Accumulation in
Macrophages. In humans, HFE is naturally expressed by macrophages, including Kupffer cells and circulating monocytes͞ macrophages (10, 35) , which are targets for HIV-1 infection. To test the effect of Nef and HFE on cellular iron handling in this setting, we infected THP-1 cells, which model HFE function in macrophages (16) , with Nef-GFP or GFP lentiviruses and measured the iron-storage protein ferritin in infected cells, compared with uninfected cells in the same culture. Fig. 6A shows that Nef doubles ferritin in THP-1 cells, indicative of iron accumulation, whereas Nef had no effect on ferritin levels in the monocytic U937 cell line that does not express HFE. This result was confirmed by using [ 59 Fe]transferrin; THP-1 cells expressing Nef accumulated twice as much 59 Fe as did control cells (Fig.  6B) , whereas Nef had no effect on U937 iron accumulation (Fig.  6C ), consistent with a requirement for the Nef͞HFE interaction to alter iron accumulation. We also infected macrophages homozygous for either wild-type HFE or C282Y HFE with HIV, with or without Nef, and measured ferritin levels (Fig. 6A) and 59 Fe accumulation (Fig. 6D) . After 4 days of virus exposure, HIV-infected, wild-type HFE-expressing macrophages contained the highest level of ferritin, which was reduced with Nef-deleted HIV or when infecting macrophages from C282Y hemochromatosis patients. Similarly, Fig. 6D shows that, after 12 days of viral exposure (when most cells are HIV positive, data not shown), HIV increased 59 Fe accumulation by macrophages but that either nef deletion or the HFE C282Y mutation abolished this increase. Fig. 6 A-D shows that Nef, alone or in the context of HIV, increases iron accumulation by macrophages in an HFE-dependent manner.
In HIV infection, macrophages are often iron-loaded, and the degree of macrophage iron-loading correlates inversely with survival times (36) . Replication of HIV-1 involves the irondependent enzyme ribonucleotide reductase and is induced by NF-kappaB (37) , which can be activated in macrophages by iron (2) . Therefore, we wondered whether the Nef͞HFE-mediated iron accumulation would directly benefit HIV-1. Fig. 6E shows that Nef increases the number of HIV-1 gag-positive cells in macrophage cultures expressing wild-type HFE. In macrophages expressing the C282Y variant of HFE, the percentage of gagpositive cells is reduced and not enhanced by Nef. The addition of iron to macrophages expressing C282Y HFE increased the level of gag staining (data not shown). These results raise the possibility that iron accumulation by HIV-1-infected macrophages, influenced by Nef and HFE, benefits the virus.
Summary
We have identified HFE as a target for Nef and shown that HFE down-regulation is more profound than the Nef-mediated downregulation of total MHC I. We found that HIV-1 interferes in cellular iron handling, sequestering iron in monocytes and macrophages in a process that requires Nef and HFE. More work is needed to investigate whether macrophage iron levels, regulated by Nef and HFE (and altered by HFE mutations), affect the HIV-1 life cycle.
